ABSTRACT We explored single nucleotide polymorphism (SNP) variation in candidate genes for bud burst from Quercus petraea populations sampled along gradients of latitude and altitude in Western Europe. SNP diversity was monitored for 106 candidate genes, in 758 individuals from 32 natural populations. We investigated whether SNP variation reflected the clinal pattern of bud burst observed in common garden experiments. We used different methods to detect imprints of natural selection (F ST outlier, clinal variation at allelic frequencies, association tests) and compared the results obtained for the two gradients. F ST outlier SNPs were found in 15 genes, 5 of which were common to both gradients. The type of selection differed between the two gradients (directional or balancing) for 3 of these 5. Clinal variations were observed for six SNPs, and one cline was conserved across both gradients. Association tests between the phenotypic or breeding values of trees and SNP genotypes identified 14 significant associations, involving 12 genes. The results of outlier detection on the basis of population differentiation or clinal variation were not very consistent with the results of association tests. The discrepancies between these approaches may reflect the different hierarchical levels of selection considered (inter-and intrapopulation selection). Finally, we obtained evidence for convergent selection (similar for gradients) and clinal variation for a few genes, suggesting that comparisons between parallel gradients could be used to screen for major candidate genes responding to natural selection in trees.
L
OCAL adaptation of temperate forest trees to environmental variation has been widely investigated in common garden experiments or provenance tests (Langlet 1971; Matyas 1996; König 2005 for reviews). Comparisons of populations sampled over wide ranges have revealed continuous patterns of differentiation along environmental gradients (Wright 1976; Morgenstern 1996) . Clinal variation along geographic gradients (latitude, altitude, longitude) is frequently reported for phenological traits (see Alberto et al. 2013 for a review). Congruent clines have been identified across species and across experiments within species, suggesting the occurrence of directional selection in response to identical environmental gradients. For example, in northern temperate spruces and pines, populations from northern latitudes flush earlier than southern populations (Wright 1976; Morgenstern 1996) and steep clines have been observed in species extending over large ranges of latitude (Pinus sylvestris in Scandinavia, Giertych 1991; Picea sitchensis in North America, Mimura and Aitken 2007) . Bud burst clines have also been observed in northern temperate broadleaved trees, but following the opposite trend. In beech (von Wuehlisch et al. 1995) , birch (Worrell et al. 2000) , and sessile oak (Liepe 1993; Deans and Harvey 1995; Ducousso et al. 1996) , southern populations flush earlier than northern populations. Similar clinal variation has also been reported along an altitudinal gradient for oaks, with populations from higher altitudes flushing later than populations from lower altitudes (Alberto et al. 2011) , suggesting that the timing of bud burst in sessile oak is determined principally by temperature signals (Vitasse et al. 2009 ). Clinal variation may be generated by isolation by distance or admixture (Vasemägi 2006) or by assortative mating and gene flow (Soularue and Kremer 2012 ), but we suspect that congruent clinal variation across different environmental gradients constitutes a genetic imprint of systematic directional selection. Populations with high levels of differentiation for adaptive traits along environmental gradients thus constitute ideal case studies for the detection of genomic imprints of divergent selection. Bud phenology (timing of bud burst and bud set) has been widely studied in tree ecological genetics in recent years, as a key target trait of climate change (Howe et al. 2003; Aitken et al. 2008; Hänninen and Tanino 2011) .
Candidate genes for phenology-related traits have been cataloged in various tree species on the basis of their expression, function, position on genetic maps, or association with traits of interest. Nucleotide diversity has been monitored in natural populations of European aspen (Ingvarsson 2008) , balsam poplar (Olson et al. 2010) , Douglas fir (Eckert et al. 2009a) , maritime pine (Eveno et al. 2008) , Scots pine (Wachowiak et al. 2009 ), loblolly pine (Gonzalez-Martìnez et al. 2006) , and Norway spruce (Heuertz et al. 2006) . In oaks, the monitoring of gene expression during bud burst by microarray studies and quantitative PCR (Derory et al. 2006) and the mapping of the differentially expressed genes has resulted in the selection of almost 200 candidate genes.
We explored population variation of bud burst in sessile oak, by monitoring the nucleotide diversity of the candidate genes underlying bud burst and comparing the results with the variation of bud burst assessed in a common garden experiment. We had three major aims in this study:
1. to determine whether divergent selection along geographic gradients generates population differentiation at the level of the candidate genes underlying bud burst, 2. to determine whether clinal variation of the trait is translated into clinal variation of the allele frequencies of candidate genes, and 3. to determine whether genes displaying clinal variation (objective 2) and/or deviating from neutral expectations (objective 1) are associated with bud burst.
We implemented our approach in two experimental settings, along gradients of altitude and latitude, by sampling oak populations along two valleys in the Pyrenees Mountains and across the western part of Europe. Temperature varied strongly along these two gradients, making it possible to compare bud burst patterns directly between different independent samples. In addition to the use of statistical methods for detecting selection signatures (objectives 1 and 2) and associations (objective 3), conclusions can be reinforced by comparing the results for the two gradients.
For objective 1, our approach was based on the detection of "F ST outlier" loci through a comparison of levels of genetic diversity and differentiation within and between populations. This approach involved a multilocus genome scan to identify loci subject to selection on the basis of particularly high (directional selection) or low (balancing selection) levels of differentiation with respect to most of the loci reflecting differentiation due to demographic events (Beaumont and Nichols 1996; Beaumont and Balding 2004; Foll and Gaggiotti 2008) . Genome-wide scans have yet to be carried out in tree species and genome-based explorations of population differentiation have been limited to large sets of candidate genes (Namroud et al. 2008; Eveno et al. 2008; Prunier et al. 2011; Chen et al. 2012) .
For objective 2, we calculated linear correlations between allelic frequencies and geographic and climatic variables related to the environmental gradients. Searches for clinal variations in allelic frequencies with geographic or climatic gradients in trees have previously been successfully carried out with isozyme loci (Mitton et al. 1980; Belletti and Lanteri 1996; Kara et al. 1997; Premoli 2003) , AFLP methods (Jump et al. 2006) , and polymorphism within candidate genes (Hall et al. 2007; Eckert et al. 2010; Prunier et al. 2011; Chen et al. 2012) .
Finally, genetic association tests were carried out to address objective 3. Association mapping has emerged as a promising approach to unraveling the molecular basis of adaptation, by making use of the high rates of recombination and broad genetic variation generally observed in natural tree populations (Neale and Savolainen 2004) . Recent studies in trees have revealed significant associations, albeit of low magnitude, for all the phenotypic traits investigated (Eckert et al. 2009b; Dillon et al. 2010; Holliday et al. 2010; Ma et al. 2010; Beaulieu et al. 2011) .
Materials and Methods

Sampled populations and provenance/progeny tests
The populations studied were sampled along gradients of latitude and altitude, in accordance with the clinal variation for apical bud phenology observed in provenance tests (Ducousso et al. 1996; Alberto et al. 2011 ).
Altitudinal gradient: We investigated the clinal variation of bud phenology in a combined provenance/progeny test of 10 populations of Quercus petraea from two valleys on the northern side of the Pyrenees (see Alberto et al. 2011 for details) . These populations were located at altitudes of 131-1630 m. Acorns were collected from 152 fruiting trees from the 10 populations, during September 2006 (Table 1) . Open-pollinated acorns were sown to establish a combined provenance and progeny test. The seedlings were raised in a greenhouse during 2007, and 4596 container-grown seedlings were transferred to the nursery of the INRA research station at Pierroton in the winter of 2007. Two-year-old seedlings were transplanted to a field plantation at Toulenne in southwest France in the fall of 2008. This plantation comprised 3448 plants from 150 families. Five randomized complete blocks were set up in a 3.5-to 1.5-m density plantation (see Alberto et al. 2011 for details) . Two additional populations (L4 and L14) were also used for the detection of molecular signatures of selection, resulting in the sample of 12 populations in total for molecular analyses (see Alberto et al. 2010 for details). Petit et al. (2002) , Kremer et al. (2002) , and Alberto et al. (2010) .
b
The altitude of populations is indicated in meters above sea level. Latitudinal gradient: The latitudinal variation of bud burst was investigated in a range wide provenance test of Q. petraea in which we studied 112 populations installed in four different plantations located in central and eastern France between 1990 and 1995 (Ducousso et al. 1996; Ducousso et al. 2005; Kremer et al. 2010) . We analyzed the timing of bud burst during the third year after plantation at the Petite Charnie site (Ducousso et al. 2005) . Based on the results obtained, we selected a subset of 21 provenances distributed along the latitudinal gradient, from 43.12°N to 53.62°N, for further study (Table 1) .
Finally, population L4 was included in both gradients as it corresponded to both the southern range of the latitudinal gradient and low altitude in the Pyrenees. The geographic locations of the 32 sampled populations are shown in Supporting Information, Figure S1 .
Phenotypic data
Altitudinal gradient: The timing of bud burst was recorded as the date of leaf unfolding (LU) in seedlings from 152 progenies belonging to 10 natural populations, in the spring of 2008 (2-year-old seedlings) in the nursery plantation and in the spring of 2009 and 2010 (3-and 4-year-old seedlings) in the provenance/progeny test (see Alberto et al. 2011 for details) . LU was also assessed in situ on the adult mother trees of the progenies, by monitoring bud development in spring 2006 and 2007. In situ observations were made on a larger sample of trees (260) including the 152 mother trees of the progenies.
Latitudinal gradient: Bud burst (BB) was recorded in 3-year-old saplings, in spring 1995, for two replicates of the Petite Charnie provenance test, on 453 trees (20-27 trees per population, Table 1 ). Bud burst was recorded during a single observation period, by assessing the stage of development of the apical bud according to a grading system ranging from fully dormant (stage 0) to fully elongated (stage 5) according to Ducousso et al. (2005) .
Geographic and climatic data
Environmental gradients were scaled by the geographic coordinates of the populations: latitude, longitude, and altitude (coded as Lati, Long, and Alti; Table 1 ). We also used monthly mean temperature and precipitation values obtained from the WORLDCLIM climatic model (Hijmans et al. 2005) and scaled down to a spatial resolution of 100 m, using locally weighted regressions to improve the fit to the topography. We then calculated spring (average of March, April, and May) and annual average temperatures (T spr and T ann , respectively) and precipitation values (P spr and P ann , respectively).
DNA extraction
DNA was extracted from leaf tissues collected from 30 trees for each population of the latitudinal gradient within the provenance test. For the altitudinal gradient, buds or leaves were harvested from 9-43 adult trees from each population in situ (see Alberto et al. 2010 for details), for the female parents of the offspring installed in the combined provenance and progeny tests.
Candidate gene selection and SNP discovery
Candidate genes were chosen from a set of 190 unigenes with different levels of expressions before and after bud burst (Derory et al. 2006) . These candidate genes included 21 sequenced as gene fragments in a discovery panel of nine natural populations (Derory et al. 2010 and J. Derory, unpublished data) . These genes included genes involved in the flowering pathway, the oxidative stress response, hormone biosynthesis, light perception, and transcription factor genes, some of which were colocalized with bud burst QTL . We used alignments of at least 20 sequences to design primers for single nucleotide polymorphism (SNP) genotyping for the 21 genes (referred to as in vivo SNPs). We checked the chromatograms by eye and nucleotides with phred scores ,30 were considered to constitute missing data. We then explored the oak EST library (Derory et al. 2006) containing the 190 bud burst candidate genes, to identify additional SNPs, referred to as in silico SNPs. We identified in vivo SNPs and in silico SNPs separately, using the snp2illumina automatic pipeline described by Lepoittevin et al. (2010) . This Perl script uses multifasta sequence files to generate a file containing SNP information compatible with Assay Design Tool software (ADT; Illumina, San Diego, CA). We selected SNPs with functionality scores .0.50 in ADT. In total, 78 in vivo SNPs and 306 in silico SNPs, corresponding to 105 candidate genes for bud burst phenology, were included in the 384-plex assay (see Table  S1 ). These SNPs included 26 insertions-deletions (indels, coded as IND) of 1-3 bp. Below, the terms "locus" and "marker" refer to both types of polymorphic loci (SNP and IND) and the term "gene" corresponds to the functional unit for which several loci were generally genotyped.
SNP genotyping
Genotyping was carried out on the Illumina GoldenGate Veracode SNP genotyping platform (Illumina) at the Genotyping and Sequencing facility of Bordeaux (INRA and University of Bordeaux 2). The 758 samples (Table 1) were dispensed into eight 96-well plates, which were analyzed separately. The fluorescence signal intensities of the specific alleles were determined with a BeadXpress Reader (Illumina), with GenomeStudio v. 3.1.14 (Illumina) used for quantification and matching. Clustering into genotypic classes was adjusted manually when necessary. We checked the reliability of the genotyping data with GenCall50 (GC50), which indicates the reliability of the genotypic clusters of a given SNP and the call rate (CR), corresponding to the fraction of 96 samples successfully genotyped for a given SNP. We retained SNPs with GC50 values .0.25, GenTrain values .0.50, and CR values .0.75, as recommended by Lepoittevin et al. (2010) .
We also obtained 14 SNPs for the galactinol synthase (GALA) candidate gene, by diploid sequencing of the whole sample (J. Derory, unpublished data), as this gene was a functional, positional, and expressional candidate gene. The SNP genotypic arrays obtained from the sequencing data were analyzed together with the Illumina SNP genotyping data set (Table 1) .
Statistical analyses
Linkage disequilibrium: The genotypic linkage disequilibrium (LD) between each pair of polymorphic sites was calculated as the squared correlation coefficient of allelic frequencies, r 2 , with Tassel v. 2.1 (Bradbury et al. 2007) . We calculated the pairwise LD for the populations of each gradient separately. We then grouped together the polymorphic sites of the 22 sequenced candidate genes to obtain an average estimate of LD decay with distance between polymorphic sites. LD decay was estimated by the nonlinear regression of r 2 against the function nls implemented in the R statistical package (R Development Core Team 2012). We estimated the recombination rate c, corresponding to 4N e c (with N e the effective population size and c recombination fraction between sites), and we calculated the expected value of r 2 for a low level of mutation, adjusted for a sample of size n according to Hill and Weir (1988) .
Genetic differentiation: Analyses were conducted separately on the 12 populations from the altitudinal gradient and the 21 populations from the latitudinal gradient. Genetic differentiation was first estimated, for pairs of populations, as Wright's F ST Cockerham 1984), with Genepop v. 4.3 (Raymond and Rousset 1995) , using the Illumina genotyping data set alone. We also calculated the genetic differentiation between all populations for each polymorphic locus.
Outlier SNPs for genetic differentiation: We searched for outlier SNPs displaying differentiation deviating from neutral expectations separately for each gradient. Only SNPs were used in the analyses, to compare loci with similar mutational processes. We used BayeScan v. 1.0 (Foll and Gaggiotti 2008) , which extends Beaumont and Balding's (2004) method to the detection of outlier loci based on the distribution of F ST under a neutral model. Unlike frequentist methods, BayeScan takes into account heterogeneous rates of migration between populations, corresponding to a situation likely to occur in natural populations. A Bayesian approach is used to estimate the posterior probabilities of two alternative models estimating the locus-population-specific F ST as described by Balding et al. (1996) : a "neutral model" including only population effects (b j ) and thus accounting only for demographic effects and a "selection model" including both population effects (b j ) and locus effects (a i ) indicative of selection. A negative a i value indicates balancing selection whereas a positive a i value indicates directional selection. The results are expressed for each locus as a Bayes factor (BF), corresponding to the posterior probability of the "selection model" over that of "the neutral model." According to Jeffreys (1998) , Bayes factors can be converted into a scale of evidence for the action of selection on the locus. We performed 10 pilot runs of 5000 iterations, followed by a burn-in of 50,000 iterations and then 5000 iterations with sampling every 20 iterations.
A shared ancestry or barriers to gene flow between populations may lead to the detection of false-positive outliers (Excoffier et al. 2009 ) for balancing or directional selection. We took historical and demographic effects into account in the detection of outlier SNPs, by making use of historical and biogeographic knowledge of oak migration across Europe. Petit et al. (2002) showed, by carrying out an extensive European-wide survey of chloroplast DNA variations, that extant oak forests belong to several different maternal lineages that were confined to different glacial refugia during the last glacial maximum (Iberian Peninsula, Italy, Balkan Peninsula). We thus considered two hierarchical levels for SNP diversity: maternal lineage and population within a maternal lineage. We used the hierarchical island model implemented in Arlequin v. 3.5 (Excoffier and Lischer 2010) , which includes an extension of the Fdist2 model developed by Beaumont and Nichols (1996) , in which migration within groups is assumed to be more frequent than migration between groups. We performed 50,000 coalescent simulations of 50 groups, with 100 demes per group. The populations from the latitudinal gradient formed three groups on the basis of chloroplast haplotypes, but we did not analyze the populations of the altitudinal gradients as they were known to belong, essentially, to a single chloroplast lineage (Alberto et al. 2010 ; Table 1 ). The detection of F ST outlier SNPs was therefore based on BayeScan results for the altitudinal gradient and BayeScan and Arlequin results for the latitudinal gradient.
Clinal variation of allelic frequencies: We also investigated clinal patterns of allelic variation with respect to geographic (altitude or latitude) and climatic (temperature and precipitation) gradients. We performed linear regression between allelic frequencies, previously transformed with the arcsine function, and population geographic or climatic variables using the Hmisc package implemented in R (R Development Core Team 2012) and tested the significance of the correlation coefficient r by Pearson's product-moment method. For each gradient, we assessed the correlation between allelic frequencies and five geographic (Alti or Lati, depending on the gradient) or climatic (T spr , T ann , P spr , and P ann ) variables. However, clinal variation of allele frequencies may result from mechanisms other than selection, such as isolation by distance, admixture between different populations, and by the "surfing" of specific alleles along colonization routes (Griebeler et al. 2006; Novembre and Di Rienzo 2009) . To account for false positives resulting from these historical and demographic mechanisms we checked for isolation by distance by calculating pairwise comparisons of population differentiation with the geographic distance (Alti or Lati) separating populations. We showed previously that all populations along a single valley stem from a unique source population and that secondary contact can be excluded (Alberto et al. 2010) . The comparison of clinal variation between two biological replicates (two valleys) can be used to determine the surfing effect. For the latitudinal gradient, we also calculated linear regressions for each maternal lineage separately. Founding effects during population expansion would be very unlikely to result in the same alleles being carried by different lineages. Congruent clinal patterns in different lineages are therefore interpreted as indicative of divergent selection, excluding surfing effects and secondary contacts. Corrections for multiple testing were performed using the false discovery rate (FDR) method implemented in the R package Q-value (Storey and Tibshirani 2003) . As a final validation step, we performed regressions of allelic frequencies on temperature, the main climatic variable underlying the variation of bud burst, over all 31 populations to compare clinal variation for populations from both gradients (Vitasse et al. 2009 ).
To account for population structure directly in the analysis of environmental correlations, we used a Bayesian generalized linear mixed-model implemented in Bayenv (Coop et al. 2010) . This method uses a variance-covariance matrix of allelic frequency to account for population structure due to demographic history. The method tests the probability of a model where allelic frequency at each locus is explained by population history alone against a model where one environmental factor is incorporated as fixed effect. As for BayeScan, a BF is calculated as the ratio of the posterior probabilities. However, as the value of the BF can vary among different runs, we choose to perform 100 analyses for each environmental variable and to consider only the top 10 BF values each time. We then calculated the mean BF of each SNP and its variance among runs.
Estimation of genetic and phenotypic values before association tests: As progenies were raised for the trees of the altitudinal gradient, it was possible to calculate genetic values for LU of each parent tree included in the association test. Best linear unbiased predictor (BLUP) values were calculated for each mother tree based on their offspring in the progeny test using the following mixed-model based and residual maximum likelihood for estimation (ASReml, Gilmour et al. 2002) ,
where m is the trait mean, b k is the fixed block effect of block k, P i and F j(i) are random effects for population i and family j (offspring of parent tree j) within population i respectively, (Pb) ki and (Fb) kj(i)) are the interactions between block and random effects, and e ijkl is the residual effect.
Two genetic values of the parent trees were computed based on the BLUP predictors of P and F. The breeding value, BV, of a parent tree was calculated as 2F. The total genetic value, GV, of a parent tree including the population effect, was calculated as P + 2F.
We further tested for associations on a larger sample, using LU measurements recorded in situ during the spring of 2006 and 2007, on 260 mature trees in natural stands (Vitasse et al. 2009 ), including the mother trees of the progenies. The rationale for using in situ assessments is that LU exhibited very high narrow sense heritability (.0.85, Alberto et al. 2011) , thus suggesting that breeding values could be assessed with good confidence by in situ phenotypic values. In situ phenotypic values of leaf unfolding were standardized (SV) within each population to remove the environmental variation among the different stands where the population came from (Table 2) .
For the latitudinal gradient, no progenies were available and we tested associations by calculating the true individual phenotypic (TV) values of BB in the provenance test. We also calculated standardized values for each tree within each population (SV), thus removing the population component. As we did not use exactly the same individuals for phenotyping and genotyping, sample sizes differed between the various data sets. Association tests were based on 135 trees for LU (BV) , 133 for LU (GV) , 260 for LU (SV) , and 450 for BB (TV) and BB (SV) (see Table 2 ).
Associations between phenotypic traits and SNP genotypic classes: Association tests were performed separately for each environmental gradient, because phenotypes were assessed in different environments and recorded either as the date of leaf unfolding or bud burst score. We used a general linear model (GLM) implemented in Tassel v. 2.1 (Bradbury et al. 2007) . This function fits a least-squares fixed-effects linear model, to test for association between genotypes at a segregating site and phenotypes, taking population structure into account. A global analysis was performed, considering each The phenotypic data are described in full in the text. Sample sizes correspond to the number of individuals for which both phenotypic and genotypic data sets were available for the association tests.
phenotype independently and testing the fixed effect of each locus. Despite the low level of population differentiation reported by traditional F ST estimations in oaks (Zanetto and Kremer 1995; Mariette et al. 2002; Alberto et al. 2010) , we incorporated genetic structure into the model through the Bayesian clustering method implemented in Structure v. 2.3 (Pritchard et al. 2000) . The structure of the populations of the altitudinal gradient was previously assessed with a set of 14 neutral nuclear microsatellites, in a previous study (see Alberto et al. 2010 for details). For the latitudinal gradient, we used a subset of 90 of the 169 genotyped SNPs not identified as F ST outliers by BayeScan and presenting ,10% missing data. Cluster definition in Structure assumes independence between loci. We therefore also discarded loci displaying high levels of LD (r 2 . 0.80). Analyses were performed with the Locprior model (Hubisz et al. 2009 ), with correlated allele frequencies (Falush et al. 2003) . We carried out five runs for each K (number of clusters) value from 1 to 21, with a burn-in period of 500,000 iterations, followed by 10 6 iterations. The most likely number of clusters was determined according to both the mean likelihood of the data Ln P(D) given K over the five runs and the DK criterion defined by Evanno et al. (2005) . The Q-matrix, with the percentages of assignment Q of each individual to the K clusters defined by Structure, was identified as a covariate in the model. The percentage assignment to one cluster was removed, to obtain valid F-tests of population structure (sum of Q not equal to 100%). We used the permutation test (Churchill and Doerge 1994) incorporated in the GLM analysis to calculate the significance level corresponding to the experiment-wise error accounting for multiple testing. The permutation test has the advantage of accounting for dependence between hypotheses-LD between loci in this case. We thus applied 10,000 permutations of loci for each phenotype analysis, to obtain the adjusted P-value for each locus (p-adj). For the significant locus-phenotype associations detected, we retained the R 2 of the marker, corresponding to the percentage of phenotypic variance explained. We calculated the ratio of dominant (d) to additive effects (a), with additivity defined as |d/a| # 0.50, dominance as 0.50 , |d/a| , 1.25 and under-and overdominance corresponding to |d/a| . 1.25 according to Eckert et al. (2009b) . Ultimately this study compares three methods (F ST outlier, clinal variation, association with adaptive traits) to detect molecular imprints of natural selection. Each method leads to the identification of a subset of outlier SNPs (or genes). We calculated the probability that the SNPs shared by two subsets are due to chance. The hypergeometric probability distribution can be used to calculate the probability that m SNPs are common by chance between the two subsets (k and l) of informative subsets detected by two methods (Larsen and Marx 1985) . If the F ST outlier and clinal variation are the two methods compared, and if n is the total number of recorded SNPs, then the probability p that m SNPs are common between k SNPs detected by F ST outlier method and l detected by the clinal variation methods is:
Results
SNP genotyping
The proportion of genotyping failures was similar for the in vivo SNPs and the in silico SNPs, at between 25 and 30% per plate. The low rate of genotyping success may have resulted from the presence of polymorphisms within the regions used for primer design that were not detected in the alignments. Overall, 26.1% of the in silico SNPs and 15.4% of the in vivo SNPs were monomorphic, giving a total of 165 polymorphic sites, including 6 INDs (see Table S2 ). Among the polymorphic loci, 41 in vivo SNPs and 4 INDs were scored for 18 candidate genes and 118 in silico SNPs and 2 INDs were scored for 55 genes. It was therefore possible to assess 73 of the 105 genes, which were polymorphic for at least one locus. The mean number of polymorphic loci (SNPs or INDs) per gene was 2.3. The 165 loci were coded by serial numbers from 1 to 45 for the in vivo SNPs and from 46 to 165 for the in silico SNPs, preceded either by "SNP_" or "IND_" depending on the type of polymorphism. In the populations from the altitudinal gradient, 5 SNPs (2 in vivo SNPs and 3 in silico SNPs) could not be scored and 3 other in silico SNPs were monomorphic, giving a data set of 157 polymorphic sites including 6 INDs. Similarly, 4 in silico SNPs could not be scored in the populations of the latitudinal gradient, leading to a data set of 161 polymorphic sites, including the 6 INDs common to the altitudinal gradient. Finally, we included the 14 SNPs of GALA in the genotyping data set (coded by their position in the sequence preceded by "GALA_"), giving a total of 179 polymorphic loci with 171 and 175 polymorphic loci (i.e., 165 and 169 SNPs, respectively, and 6 INDs in each case) for the altitudinal and latitudinal gradients, respectively.
Linkage disequilibrium
The pairwise LD calculated between all polymorphic sites for each gradient separately was low (mean r 2 = 0.14 for the altitudinal gradient and 0.15 for the latitudinal gradient). Mean LD decay with physical distance was assessed for 13 genes for which pairwise estimates were available. We discarded sites with minor allele frequencies ,0.05. In total, 131 and 139 r 2 values were plotted for the altitudinal and latitudinal gradients, respectively, with a maximum distance of 1142 bp (mean distance of 211 and 215 bp, respectively; Figure S2 ). In both gradients, the E(r 2 ) estimate fell below 0.20 in ,600 bp, illustrating a general pattern of low LD, rapidly decreasing with increasing physical distance.
Population differentiation
The level of population differentiation was similar between in vivo SNPs and in silico SNPs in each geographic gradient (respectively F ST = 0.022 and 0.020 in the altitudinal gradient and 0.017 for both types of SNPs in the latitudinal gradient). Along the altitudinal gradient, pairwise population differentiation was lower in the Luz valley than in the Ossau valley. In the Luz valley, differentiation between populations at consecutive altitudes ranged from 0.003 to 0.017. The highest level of differentiation was found between populations L1 and L4 and populations L12 and L14 (pairwise F ST between 0.024 and 0.034). In the Ossau valley, populations O1 and O4 displayed the highest pairwise differentiation, with populations O8 and O12 (between 0.033 and 0.048). When pairwise differentiation was calculated between the populations of the two valleys, the highest F ST values were those between populations O4, O8, and O12 and population L1 (0.048).
Along the latitudinal gradient, analyses of the genetic differentiation between pairs of populations indicated that the Ob population was sharply differentiated from the remaining populations. The mean pairwise F ST value for this population was 0.050 (ranging from 0.037 with La to 0.070 with Mo).
Along the altitudinal gradient, the mean F ST of the 157 polymorphic sites from the Illumina genotyping analysis was 0.023. The mean F ST for the 14 GALA loci was 0.011, with 0.057 recorded as the highest single-locus F ST value. The mean genetic differentiation between the 21 populations of the latitudinal gradient, calculated over the 161 polymorphic loci from the Illumina genotyping analysis, was 0.020. GALA was also weakly differentiated between populations of the latitudinal gradient (F ST = 0.016) with single-locus F ST values not exceeding 0.030.
Detection of F ST outliers
Altitudinal gradient: BayeScan identified 10 SNPs (6.0%) displaying nonneutral patterns of differentiation (Bayes factors .3; Table 3 ). Three SNPs were negative outliers subject to balancing selection: SNP_12 in Gigantea 39-UTR (GI39) and two SNPs from GALA in strong LD (GALA_143 and GALA_288, r 2 = 0.85). We also found seven positive outliers with signatures of directional selection and F ST values varying between 0.044 and 0.085. Four SNPs were found in genes from the stress response category: a catalase (CAT), an endochitinase (ECP), a seed maturation protein (PM3), and an a-amylase/subtilisin inhibitor (ASI) gene. The remaining genes with positive outlier SNPs encoded a photosystem II polypeptide (PSII), a ribosomal protein (L18a), and a protein of unknown function (Unk1).
Latitudinal gradient: In total, 18 of the 169 SNPs (10.7%) were identified as outlier loci by BayeScan (BF .3), and 6 of these SNPs were negative outliers (Figure 1 and Table 3 ). After correction for maternal lineage, only one negative outlier (SNP_130 located in PSII) was detected by Arlequin (Table 3) . For directional selection, 7 of the 12 positive outliers detected by BayeScan were confirmed by Arlequin. For SNP_6, SNP_66, and SNP_164, missing values at some populations prevented the test to be done. We considered the BF and clinal variation of SNP_164 to be consistent with directional selection (see below), whereas we did not retain SNP_6 and SNP_66 as positive outliers. The 8 remaining positive outliers were located in GI and L18a and in genes encoding an early light-induced protein (ELIP1), a plastocyanin (PC), a transcription factor (TF), a histone H3, and two unknown proteins (Unk3 and Unk4).
In comparison of the results for the two gradients, two SNPs-SNP_130 and SNP_152-from the PSII and L18a genes, respectively, were detected as outliers in both environmental gradients. However, whereas SNP_152 showed directional selection in both cases, SNP_130 was identified as being under balancing selection in the latitudinal gradient and under directional selection in the altitudinal gradient. We also found that different SNPs from GI were detected in both gradients, but under different types of selection in the two gradients (Table 3) .
Finally, over all SNPs, directional selection was the most common type of selection, being detected 15 times, whereas balancing selection was detected only three times. The 16 outlier SNPs were located in 15 genes (2 different SNPs in GI), including 3 genes with SNPs displaying outlier patterns in both gradients (L18a, GI, and PSII).
Clines of allelic frequencies
We investigated whether clinal variation could be generated by isolation by distance, by plotting pairwise population differentiation [measured as F ST /(1 2 F ST )] against altitudinal or latitudinal distances and carrying out linear regression analysis. No correlation based on the differentiation assessed with all SNPs was found for altitudinal or latitudinal distance (Figure 2) , as well as for any climatic variable (P . 0.40 for all). Pairwise correlations between geographical (Alti or Lati) and climatic variables (T spr , T ann , P spr , and P ann ) were high (absolute value of r . 0.44 and P , 0.05 for all).
Regression coefficients were calculated for the relationships between all allelic frequencies of all SNPs and geographic and climatic variables. Six of the 16 SNPs previously identified as F ST outliers presented significant (P , 0.05) correlations with at least one geographic or climatic variable (Table 4) . A much larger number of these correlations concerned temperature (14) than precipitation (5). Along the altitudinal gradient, SNP_57 (detected as a positive outlier in the latitudinal gradient) and SNP_77, from the TF and ECP genes, respectively, were both correlated with Alti, T spr , and T ann . SNP_142, from the PM3 gene, displayed clinal variation with precipitations (P spr and P ann ). SNP_164, from the Unk4 gene, was identified as a positive outlier in the latitudinal gradient and was correlated with Alti, T spr , T ann , and P spr in the altitudinal gradient. For the populations from the latitudinal gradient, SNP_120, from the PC gene, displayed clinal variation with Lati and T spr , whereas allelic frequency at SNP_152, from L18a, was correlated with Lati. If we restricted the analysis to a particular valley or maternal lineage, we found that only SNP_57 was correlated with Alti in the Luz valley, whereas SNP_120 was correlated with both Lati and T spr in lineage C.
Finally in comparisons of correlations between gradients for all loci, SNP_154, from the 59-adenylylsulfate reductase (APS) gene, was found to be significantly correlated with temperature (T spr and T ann ) in both gradients and with Alti and P spr in the altitudinal gradient ( Figure 3 and Table 4 ). After corrections for multiple testing using the FDR method (Storey and Tibshirani 2003) , only the regression of SNP_154 with T ann in the latitudinal gradient was still significant (q , 0.01).
Congruent regressions with very similar slope values were obtained between spring and annual temperatures and allelic frequency in different sets of populations (see Figure 3 for T spr ). In comparisons of regressions for a given SNP across valleys (within the altitudinal gradient) or across maternal lineages (within the latitudinal gradient), the slope of the regression line was of the same sign in 33 of 40 comparisons (Table 4 ). The significance of the regression was not conserved, despite maintenance of the signs, due to small sample sizes. Regressions with T spr and T ann were significant for the 12 populations of the altitudinal gradient and for the populations of the Luz valley, but not for the populations of the Ossau valley. For the 21 populations of the latitudinal gradient, regression coefficients were slightly higher for T spr than for T ann . Within maternal lineages, the correlation with T spr remained significant for the populations of lineage C and that with T ann remained significant for the populations of lineage A. The overall regression of allelic frequency against spring temperature was highly significant for the 31 populations (P , 0.001; Figure 3) , as was that against annual temperature.
We used Bayenv to account for population structure when calculating the environmental correlations. SNP exhibiting the largest BF values tended to maintain their rank over the 100 runs, with, however, some variation depending on the loci. For example, the correlation of SNP_60 with Alti displayed an average BF value of only 0.88, but it was found in the top 10 BF values in 7% of the runs because of a high variance of BF values between runs, amounting to 1.66. We thus considered only SNPs, which exhibited stable positions in the top 10 of the BF values. In the populations of the altitudinal gradient, SNP_154 was correlated to Alti and T spr with the highest BF value (averages 3.72 and 3.54, respectively) in 90% of all runs for both variables. SNP_142 showed the second highest average BF value for Alti and the highest value for P ann (respectively 2.27 and 5.02). For populations of the latitudinal gradient, SNP_120 was also correlated to latitude with the highest BF value (2.45). The remaining top 10 SNPs displayed BF values ,2.
Association tests
Altitudinal gradient: In the association tests for populations sampled along the altitudinal gradient, we used the Q-matrix from the microsatellite analysis of structure defining K = 4 clusters (Alberto et al. 2010 ) as a covariate. Significant associations were observed mostly when the trait value included the breeding value and the population value, i.e., for LU (GV) (10 of the 14 tests were significant; Table 5 ). Among the 14 significant locus-phenotype associations observed in different years (p-adj , 0.05; Table 5 ), 6 involved SNP_98 and SNP_112, which were consistently associated with LU (GV) during the 3 years of measurement. They explained between 7.3 and 9.5%, and between 8.3 and 10.3% of the phenotypic variance, respectively, depending on the year. SNP_98 is located in a gene encoding an aquaporin (PIP1), and SNP_112 is located within a gene encoding a glutathione S-transferase (GST). Four additional associations were found with LU (GV) in one specific year only. In 2009, SNP_103, located in a gene encoding a ribosomal protein (S25), explained 7.2% of the phenotypic variance. In 2010, SNP_40, located in a gene encoding a seed maturation protein (PM23), and SNP_132, located in a gene encoding a protein of unknown function (UnkP3), presented R 2 values of 10.4 and 8.8%, respectively. Surprisingly, we also found an association with SNP_114 (R 2 = 4.8%) from the same GST gene as SNP_112, although only weakly linked (r 2 = 0.12). Variation of SNP_134, located in a gene encoding a ribosomal protein (S11), explained 7.9% of the variance of LU (BV) in 2008. There were only three significant associations when calculations were performed with the standardized in situ phenotypic values, LU (SV) . SNP_27, SNP_102, and SNP_123 displayed moderate associations with LU (SV) and accounted for 4.6, 4.9, and 6.6% of the phenotypic variance, respectively. These loci are located in genes encoding a Constans-like zinc finger protein (COL), a ribosomal protein (L24), and ELIP, respectively.
Latitudinal gradient: For the latitudinal gradient, we selected K = 7 as the most likely number of clusters defined by Structure with the neutral SNPs. Due to the low between-run variance for K = 1, Evanno's et al. (2005) criterion was higher for K = 2 (DK = 17.3 vs. 3.6 for K = 7). However, the mean log probability of the data were higher for K = 7 than for K = 2 (Ln P(D) = 229,408.1 and 229,901.3, respectively) and the structure of the seven clusters was more informative. We found a total of six significant associations (p-adj , 0.05) for the latitudinal gradient, involving five different SNPs (Table  5) . Two loci, SNP_135 and SNP_146, located in genes encoding a ribosomal protein (S11) and a cysteine protease (CysP), respectively, were associated with BB (TV) . They explained 2.6 and 2.8% of the phenotypic variance, respectively. However, SNP_146 was also associated with BB (SV) and explained a higher percentage of the variance (3.4%, Table 5 ). Associations with BB (SV) also involved SNP_13, located in a gene encoding an auxin-induced protein (AIP) and explaining 3.7% of the variance. Finally, two loci, SNP_151 and SNP_153, both from the L18a gene, presented significant associations with BB (SV) , explaining 3.3 and 3.7% of the phenotypic variance, respectively.
Globally, only three markers involved a change in the protein sequences (SNP_114 and SNP_134 for the altitudinal gradient and SNP_146 for the latitudinal gradient), whereas five markers were synonymous and six were located in noncoding regions (Table 5 ).
Comparisons among methods and gradients
We compared the results for the different methods and the two gradients by computing the number of common SNPs (or genes) detected (Table 6 ). The two SNPs and two genes commonly detected in the same gradient by the F ST outlier method and by the clinal variation method were unlikely to occur by chance (P , 0.05). For L18a in the latitudinal gradient showing F ST outlier and clinal variation at SNP_152, and association with bud burst at SNP_153, the probability that it would be detected by chance with each method was rather high (P . 0.28). Comparisons between the two gradients-for a given method-resulted in less cases of common SNPs and genes. However, the probability that these common occurrences may be due to chance was high (P . 0.18 for all comparisons), except for the three genes commonly detected as F ST outliers (P = 0.062) and SNP_154 showing clinal variation in both gradients (P = 0.08).
Given the positive response of three SNPs within gene L18a regardless of the method used (Table 6) , we additionally sequenced a fragment of 330 bp containing the three SNPs of interest in populations of the altitudinal gradient, to explore for nonsynonymous polymorphism in linkage disequilibrium with these SNPs. In total, 12 SNPs were detected (including the 3 originally scored), and 7 were located in the coding region but all were in third position of the codon and were synonymous. LD was further confirmed between SNP_151, SNP_153, and a third SNP, and all other pair comparisons did not show significant LD.
Discussion
This study is the first to report SNP differentiation for a large number of genes in oak populations and to compare SNP differentiation along two environmental gradients. The overall level of population differentiation was low within a Polymorphism type indicates whether the polymorphism was located in the coding region and whether it was synonymous (Syn) or nonsynonymous (NSyn), with the corresponding amino-acid changes indicated in parentheses, or whether it was located in the noncoding (NCod) regions, either in the 59-UTR or in the 39-UTR regions. b The correlations were calculated with the following environmental factors: altitude (Alti) or latitude (Lati) depending on the gradient, mean spring and annual temperatures (respectively Tspr and Tann) and mean spring and annual precipitations (respectively Pspr and Pann). The significance of the correlation was estimated by Pearson's productmoment method and is indicated by the following symbols: *P , 0.05; **P , 0.01; ***P , 0.001.
each gradient, contrasting with the high level of differentiation of phenological traits observed in common garden experiments (Ducousso et al. 1996; Alberto et al. 2011) along the same gradients.
Local adaptation along the environmental gradients
At the gene level, signatures of selection as F ST outliers were detected in 15 genes only in one of the two gradients, whereas three genes (L18a at one SNP and GI and PSII at different SNPs) displayed F ST outliers in both gradients (Table 3). Selection was most frequently directional (15 of the 18 outliers detected), with balancing selection detected only three times. Before advocating selective effects, we may first consider whether F ST may be inflated by possible biases. Two kinds of biases are likely to occur in our study. F ST values can be overestimated by ascertainment bias, especially if the discovery panel is lower than four chromosomes (Albrechtsen et al. 2010) or underestimated if purifying selection is present (Maruki et al. 2012) . SNPs analyzed in this study originated from two different data sets, a discovery panel in natural populations (in vivo SNPs) and an EST library (in silico SNPs). While for the 45 in vivo SNPs there was at least 21 sequences in the discovery panel (but 67 on average), in the EST library 12 in silico SNPs were detected from only four sequences (except IND_70 from two sequences). Among these 12 SNPs potentially affected by ascertainment bias, none was detected as F ST outlier, and it is unlikely that they influenced the overall estimations of F ST . As evidence, the level of population differentiation was similar between in vivo SNPs and in silico SNPs in each gradient (respectively F ST = 0.022 and 0.020 in the altitudinal gradient and 0.017 for both in the latitudinal gradient). Purifying selection within candidate genes could have generated background selection at the associated polymorphism, thus producing lower F ST values (Maruki et al. 2012) . However, the overall F ST of SNPs was of the same magnitude as earlier reported values for other genetic markers (Zanetto and Kremer 1995; Mariette et al. 2002; Alberto et al. 2010) . Thus it seems unlikely that purifying selection may have shifted the levels of population differentiation.
Most of the genes detected as F ST outliers were related to responses to biotic or abiotic stresses. Congruent results of divergent selection in both gradients were obtained for only one synonymous SNP (SNP_152), located in the L18a gene. It has no effect on the protein sequence, but the replacement of a cytosine by a thymine in the DNA sequence may influence the level of methylation of the gene. The functional role of the ribosomal protein family and its potential implication in bud burst regulation is discussed below (see Associations with bud burst). SNP_130, located in the 39-UTR of PSII, was detected as a F ST outlier in both gradients, but with different types of selection. We cannot exclude the possibility that a given locus may respond differently in different genetic backgrounds, or along different environmental gradients. In a previous study investigating the genetic differentiation of phenological traits, we suggested that variation of the strength of selection within populations may generate different diversity profiles for the trait concerned, in turn modifying selection responses at the gene level (Alberto et al. 2011) . For GI, a circadian clock-controlled gene involved in photoperiodic flowering and seed germination in Arabidopsis (Fowler et al. 1999; Penfield and Hall 2009 ) different SNPs from the same gene were detected in the two gradients. We thus suspect that different alleles of a given gene may induce different types of selection. This may occur if an epistatic effect is associated with one allele, changing its selective value, whereas other alleles are purely additive, with a constant selective value. Finally, the 13 genes with F ST outlier SNPs detected in at least one of the gradients may be related to local adaptation to different selection pressures between the two environmental gradients. While temperature changed similarly with increasing altitude and latitude, other abiotic factors, such as soil composition, water retention capacity, light quality, and photoperiod, but also biotic interactions do not follow the same patterns of change in the two gradients (Jump et al. 2009 ). Finally, the overall set of genes detected as F ST outliers may include genes involved in several adaptive traits selected in both gradients. 
Clinal responses along the environmental gradients
A clinal variation of allelic frequencies was observed for six positive outlier loci in one gradient and for one locus, SNP_154, in both gradients (congruent pattern of variation).
Clinal variations may result from isolation by distance (Barbujani 1988) , selection along continuous ecological gradients (Endler 1977) , admixture (Griebeler et al. 2006) , or the "surfing" of alleles during colonization (Novembre and Di Rienzo 2009). Le Corre et al. (1998) have dealt in detail with the spatial variation expected across the range distribution of Q. petraea. They showed that most frequency gradients run in an east-west direction in Europe, reflecting the longitudinal distribution of glacial refugia populations (from Spain to the Balkans). We showed that pairwise differentiation, calculated for all loci, did not increase with increasing distance in terms of either latitude or altitude (Figure 2 ), thus excluding isolation by distance. Admixture as a result of hybridization between Q. petraea and Q. robur, may be another cause of clinal variation, particularly if hybridization rates follow a particular trend with respect to latitude or altitude (Alberto et al. 2010) . However, genomic signatures of selection would then be located in hotspots of genomic divergence between the two species. Such hotspots have been located in a previous study (Scotti-Saintagne et al. 2004) , and none of the seven genes showing clinal variation was located in the strongest hotspot of divergence (located on linkage group 12; Scotti-Saintagne et al. 2004). However, when jointly environmental correlation and population structure are analyzed using Bayenv, the clinal signal was lost for most SNPs showing significant linear regressions, and particularly for SNP_154 in the latitudinal gradient. While linear regressions may identify false positives, Bayenv most likely also rejects false negatives. This is due to the fact that the variance covariance matrix of Bayenv that should correct for population structure may also account for selection, if population structure and selection follow the same geographic cline. Although we did not observe any isolation by distance along latitude or altitude (Figure 2 ) there may still be other unidentified selection gradients that are parallel to historical demographic effects. Given the pros and cons of the two methods, we advocate that the comparison of linear regressions across different biological repetitions (either the two valleys in the Pyrenees, the two maternal lineages, or the two gradients) should be considered as a validation. When clinal variation was separately assessed in different genetic contexts, the sign of the linear regressions was almost systematically conserved between valleys or lineages (Table 4) , validating the underlying selective signal. The congruence observed for SNP_154 (in gene APS) between the two gradients can therefore be interpreted as a signature of systematic divergent selection by temperature (Figure 3) . APS is a key enzyme of the sulfate reduction pathway, which is involved in biotic and abiotic stress defense (Rennenberg et al. 2007 ). Finally, we found more correlations between allelic frequencies and temperatures than between allelic frequencies and precipitations, suggesting that these correlations likely reflect adaptation for bud flush, as temperature is the main environmental gradient underlying phenological variation (Vitasse et al. 2009 ).
Associations with bud burst
We found significant associations between 14 SNPs and bud phenological traits in natural oak populations sampled along two environmental gradients. In previous studies on forest trees, the proportion of the phenotypic variance explained by a Polymorphism type indicates whether the polymorphism was located in the coding region and whether it was synonymous (Syn) or nonsynonymous (NSyn), with the corresponding amino-acid changes indicated in parentheses, or whether it was located in the non coding (NCod) regions, either in the 59-UTR or in the 39-UTR regions. b R 2 marker corresponds to the percentage of phenotypic variance explained by the marker. c p-adj is the adjusted P-value of the association test calculated after 10,000 permutations. d SNP_151 was not considered as a significant association because of its high level of LD with SNP_153 (see the text for details).
individual markers has generally been found to be between 1 and 5% (Thumma et al. 2005; Gonzalez-Martinez et al. 2007; Gonzalez-Martinez et al. 2008; Ingvarsson et al. 2008; Eckert et al. 2009b , Holliday et al. 2010 . Similar values were obtained for most of the locus-phenotype associations detected in our analyses, but we also found higher percentages of variance explained by several associations in the populations of the altitudinal gradient (ranging from 6.6 to 10.4%). These percentages are probably inflated by the small size of the association population, due to the winner's curse bias (Göring et al. 2001) . Six associations concerned noncoding regions (39-or 59-UTRs) and six involved synonymous mutations, making it difficult to interpret their mode of action.
Among the 10 genes displaying significant associations, GST showed the largest contribution to the variation of bud phenological traits, with one SNP detected in three consecutive years. GST belongs to a large family of genes principally involved in detoxification (Dixon et al. 2002) , but also in the response to pathogen infection and oxidative stress (Basantani and Srivastava 2007) . Some GST proteins are responsive to phytohormones such as auxin, which represses the outgrowth of axillary buds by apical dominance, or cytokinins, which promote bud activation but are downregulated by auxin in the stem (Shimizu-Sato et al. 2009 ). An AIP gene was also associated with bud burst variation, highlighting the potential role of phytohormone pathways in the control of bud burst. We also found association with COL, homologous to CONSTANS, which is involved in the flowering pathway regulation in Arabidopsis (Putterill et al. 1995) . This would suggest that the pathway regulating bud development may be common to vegetative and sexual buds, as already proposed by Horvath (2009) . Four ribosomal proteins (L18a, L24, S11, and S25) were associated with bud burst and L18a was also detected under directional selection in both gradients. Ribosomal proteins constitute a large family with several duplications of many of its members (Barakat et al. 2001) . They are known to be associated with leaf growth and the cell cycle in Populus deltoides (Matsubara et al. 2006) and to be upregulated in germinating seeds and growing axillary shoots in Arabidopsis (Tatematsu et al. 2008) . Eckert et al. (2009b) also reported an association between a ribosomal protein gene, RPL31a, and bud burst in Douglas fir populations. Congruent results between phylogenetically unrelated species confirm the potential role of ribosomal proteins as a molecular basis in bud burst adaptation in trees.
Discrepancies between methods
Among the 14 SNPs identified as being under directional selection, 6 SNPs were also correlated with geographic or climatic variables in one of the gradients. Congruence between the two methods for detecting selection signatures was also observed by Chen et al. (2012) and Tsumura et al. (2012) . However, for the remaining 8 loci not detected as clinal variants, and for SNP_154 correlated with T spr in both gradients but not detected as F ST outlier (Table 6 ), the lack of concordance between the two methods can be interpreted in two different ways. First, genes displaying high levels of differentiation but no clinal variation may be involved in local adaptation unrelated to the gradients of altitude and latitude. The sampled populations stem from a very large range of ecological conditions, potentially triggering divergent selection along gradients other than that for temperature (e.g., soil conditions, biotic interactions). Alternatively, even for a gene undergoing divergent selection along the temperature gradient, clinal variation of allelic frequencies may be generated without significant differentiation, provided that the intensity of selection within populations is weak. Such patterns were observed in simulation studies comparing the differentiation of traits and their underlying genes (Kremer and Le Corre 2012) and were recently confirmed by experimental data. Ingvarsson et al. (2008) observed that two markers in the PhyB2 gene associated with bud set in P. tremula showed clinal variation with latitude, but their level of differentiation remained at a level similar to that for neutral markers. Weak selection intensity within populations tends to lead to the maintenance of high levels of diversity, thus constraining F ST values, but divergent selection maintains slight differences in allelic frequency between populations.
Finally, the detection of outlier genes on the basis of population differentiation was not consistent with the results of association tests. None of the SNPs displaying a significant association with bud burst was also detected as an outlier (either through F ST values or clinal variation) in the same gradient. Only SNP_123 was detected as a positive outlier in the latitudinal gradient and associated with bud burst in the altitudinal gradient. However, we identified common genes displaying associations and with large F ST values or clinal variation of allelic frequencies. In the ribosomal protein L18a gene, SNP_152 was detected as a positive outlier in both gradients, whereas two adjacent SNPs, SNP_151 and SNP_153, were associated with bud burst in the latitudinal gradient. However, levels of LD between the F ST outlier locus and the two loci showing associations were low (r 2 = 0.10 for both). Discrepancies between the selection signatures and associations (Table 6 ) may be due to the differences in the hierarchical levels of selection considered in the two analyses. F ST outlier and clinal signatures principally detect divergent selection toward different phenotypic optima in different populations (between-population selection), whereas the association tests used in our analysis provide evidence of selection at other hierarchical levels (overall between + within population, or within-population level only), depending on the analysis conducted. Within-and between-population selection may be of different strengths. As mentioned above, the strength of within-population selection may lead to discrepancies between F ST values and clinal signatures. We suspect that the different hierarchical levels at which selection is considered in selection signature and association methods may also lead to different results.
Genetic architecture of adaptive traits and lack of congruent associations
We found no marker associated with bud phenological traits in both the environmental gradients. One gene, S11, was associated with bud burst in both gradients, but for two different SNPs located 342 bp apart and displaying weak LD in each gradient (r 2 = 0.03 for both gradients). These results suggest that the causal mutation is in the close vicinity of both markers and that LD is conserved between the causal mutation and the different SNPs in each gradient. The large number of genes involved in bud burst regulation might account for the lack of congruence between gradients. Derory et al. (2010) detected 19 bud burst QTL in a single mapping pedigree, suggesting that the number of QTL would be much larger in natural populations. The previously reported high heritability of the trait (Alberto et al. 2011 ) may therefore be due to a large number of genes with a small allelic effect on the trait. When the number of genes controlling a trait is large (Kremer and Le Corre 2012) , the single gene effect is blurred by the covariation of allelic effects at different genes. In such cases, the detection of selection signatures at single loci may reveal faint signals at different SNPs that may or may not be detected, depending on the sampling strategy and genetic background. Only genes with major effects are systematically associated with phenotypic variation, but different sets of genes with smaller effects may be associated with the trait in different population contexts. We therefore suspect that the multigenic structure of bud burst in oaks may also be responsible for the discrepancies observed between gradients. On the one hand, multilocus architecture inflates the covariation of allelic effects, rather than single-locus effects. On the other, it would also favor allelic heterogeneity, in which different associations of alleles account for similar phenotypic responses in different populations, as recently reported in Arabidopsis (Brachi et al. 2010) . Thus allelic heterogeneity and allelic covariation effects are two facets of the genetic architecture of traits that contribute to the discrepancies of selection imprints in different genetic contexts (different populations). Conversely, congruent imprints in the two gradients, as we have detected for a few genes, are likely to indicate genes with major and stable effects that can be detected in comparative analysis across populations or species, as was also suggested by Chen et al. (2012) .
In conclusion, overall comparisons between methods and gradients suggest that discrepancies should be expected when searching for selection signatures between and within populations. The level and strength of divergent selection (between populations) and of stabilizing or directional selection (within populations) may differ according to the traits and ecological settings considered. Allelic covariation and allelic heterogeneity may further blur selection imprints at a single locus level for multilocus traits. Nonetheless, we obtained evidence for convergent selection (between the two gradients) for a few genes (at the same or different SNPs), suggesting that comparisons between parallel gradients may be a promising approach to screening for major candidate genes responding to natural selection in trees. 
